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Abstract. The structural and electronic properties of hexagonal boron nitride (hBN)
grown on stepped Ni surfaces are systematically investigated using a cylindrical Ni
crystal as a tunable substrate. Our experiments reveal homogeneous hBN monolayer
coating of the entire Ni curved surface, which in turn undergoes an overall faceting. The
faceted system is defined by step-free hBN/Ni(111) terraces alternating with strongly
tilted hBN/Ni(115) or hBN/Ni(110) nanostripes, depending on whether we have A-
type or B-type vicinal surfaces, respectively. Such deep substrate self-organization is
explained by both the rigidity of the hBN lattice and the lack of registry with Ni crystal
planes in the vicinity of the (111) surface. The analysis of the electronic properties by
photoemission and absorption spectroscopies reveal a weaker hBN/Ni interaction in
(110)- and (115)-oriented facets, as well as an upward shift of the valence band with
respect to the band position at the hBN/Ni(111) terrace.
Keywords: curved crystal, faceting, hBN monolayer, vicinal Ni(111) surface
1. Introduction
Since the discovery of graphene, a wide diversity of atomic-layer-thick, two-dimensional
(2D) materials with varied properties have emerged. Of particular interest are those
that exhibit semiconducting behavior, such as hexagonal boron nitride (hBN). hBN
is isoelectronic to graphene and has also a honeycomb lattice formed by alternating
nitrogen and boron atoms [1, 2], but in contrast to the semi-metallic graphene, its band
structure presents a 4-6 eV band gap at the Fermi energy [3, 4, 5, 6]. This makes
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it particularly attractive for applications in microelectronics [7, 8], either alone or in
combination with other 2D materials, such as graphene [9, 10, 11, 12, 13]. Therefore
it exists an increasing demand for large size hBN films that can be transferred to
different surfaces, but these films first have to be synthesized on adequate substrates
by different growth techniques [14, 15, 16]. Additionally, hBN is structurally robust
and chemically inert, properties that are particularly relevant for coating [17, 18] and
hydrogen storage [19] applications.
The increasing interest on single-layer hBN, doped and intercalated hBN/metal
interfaces, and low-dimensional hBN structures, such as nanoribbons, has prompted
the search of appropriate substrates, in order to achieve functional hBN layers and
nanostripes with abrupt interfaces. The growth challenge for hBN is similar to the
one faced by other hetero-epitaxial systems in the past [20, 21], and hence one can
gain from the knowledge acquired over decades, particularly about the balance and
hierarchy of driving forces that govern crystal growth. Among them, atomic lattice
matching, which is often sought to prevent large accumulation of stress in extended films,
and nano-templating, as a way to optimize growth by altering energetics and kinetics.
In this context, stepped (or vicinal) surfaces emerge as simple self-organized growth
templates, known to facilitate the synthesis of one-dimensional (1D) nanostructures,
such as atomic rows and nanostripes [20] and to promote single rotational domains in
growing films [22, 23, 24].
Despite the advantages and versatility of vicinal surfaces as growth templates, very
little has been done in regard of 2D, monolayer-thick materials [25, 26, 27, 28, 29]. One
obvious reason is the added structural complexity of the stepped interface. Additionally,
vicinal surfaces are not rigid frames that remain static or passive during epitaxy, but,
on the contrary, they often respond to overlayer growth by step-edge roughening, step
bunching or nano- and mesoscale faceting [30, 31, 32, 33]. All this diversity of phenomena
is difficult to predict and, given the infinite variety of vicinal planes for each crystal
orientation, their practical understanding can gain from systematic investigations using
curved surfaces. In this context, it has recently been shown that a very facile, and hence
effective implementation of the curved surface approach is achieved with cylindrical
sections of single crystals [34, 35, 36, 37], such as the one sketched in Fig. 1. This
represents a α = ±15◦ portion of a cylindrical Ni single crystal, with axis parallel to the
[11¯0] direction, and surface center oriented along the [111] direction. Therefore, almost
the entire family of Ni(111) vicinal planes with A-type ({100} microfacet) and B-type
({111} microfacet) close-packed steps are found at both sides of the (111) center, up to
the (335) and (221) crystal directions.
Here we thoroughly explore the synthesis of a single layer hBN on vicinal Ni(111)
surfaces with close-packed steps using the curved sample [in short, c-Ni(111)] described
in Fig. 1. The c-Ni(111) crystal has the advantage of having the Ni(111) surface
at the center of the sample, and hence we can use the well-studied hBN/Ni(111)
interface as a reference [2, 38, 39, 40]. Previous studies using Ni foils with differently
oriented grains already suggest different growth scenarios [41]. Beyond Ni, the synthesis
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of the hBN monolayer has been investigated at many high-symmetry metal surfaces
[2, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59,
60, 61, 62]. It is generally observed that electronic and structural properties of the
epitaxial hBN monolayer are influenced by both the strength of the interface chemical
bond and the registry, that is, the lattice-matching with the substrate. At close-
packed surfaces, the interaction varies from strong hBN chemisorption on Ni(111),
Co(0001) [42], Rh(111) [43], Ru(0001) [44, 45, 46] and Ir(111) [47, 48, 49], to weak
interaction on quasi-noble noble Pd [50] and Pt [51, 52, 53], and noble Cu(111) [54, 55]
and Ag(111) [56] surfaces. Experiments at (110) surfaces of Ni [57], Fe [58], Cr [59],
Cu [60], Pd [61], and Mo [62] reveal the little influence of the crystal orientation on the
hBN/metal interaction strength. With respect to the hBN layer structure, the relevant
feature is the presence of a characteristic nanoscale corrugation, called “nanomesh”, in
strongly interacting interfaces with poor lattice matching, whereas nearly flat hBN films
are observed otherwise. The latter is the case of Ni(111).
Our experiments on the c-Ni(111) curved sample reveal homogenous coating of
the Ni substrate, although step-bunching and faceting at all Ni(111) vicinal planes. In
the A step-type side of the crystal, we observe a two-phase, hill-and-valley structure,
driven by the excellent registry of hBN with flat Ni(111) terraces (first phase) and
stepped Ni(115) plane (second phase). In the B step-type side, Ni(111) terraces are
also present, but the lack of reasonably matched B-type vicinal planes explains the
presence of the incommensurate (5.15×1) hBN/Ni(110) facet, for which a minimum
expansion/contraction of the rigid hBN lattice is required. All spectroscopic data
in faceted regions are explained by the incoherent superposition of the signal from
the (111) terrace and the faceted phase. This allows us a direct comparison of the
strength of chemical interactions and other electronic properties, such as the valence
band maximum, among the three hBN-covered Ni(111), Ni(115) and Ni(110) interfaces.
The differences found are consistent with the variable atomic-scale roughness at each
interface, from the flat and sharp hBN/Ni(111), to the rough, stepped (115) substrate,
and to the corrugated hBN layer on Ni(110).
2. Experimental details
The Scanning Tunneling Microscopy (STM), Low Energy Electron Diffraction (LEED)
and Angle-resolved Photoemission Spectroscopy (ARPES) experiments were performed
at the Material Physics Center of San Sebastian (Spain), while the X-ray absorption and
X-ray photoelectron spectroscopy experiments were carried out at the RGBL beamline
at BESSY synchrotron in Berlin (Germany). Both setups were equipped with Low
Energy Electron Diffraction (LEED) to check for the ordering of the hBN layer and
ensure that the same crystal structure is achieved. The Ni(111) crystal was prepared
by repeated cycles of sputtering (1000 V, incidence angle 45◦ parallel to the steps)
and annealing (750◦C). Previous to the last sputtering/annealing cycle the sample was
heated at 10−8 mbar O2 for 10 minutes at the same temperature to remove possible
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carbon impurities from the surface. The hBN monolayer was grown by chemical vapor
deposition (CVD). For this purpose, the sample held at 750◦ C was exposed to Borazine
(B3N3H6, 99%, Katchem Ltd.) vapor during 10 min at 10
−7 mbar.
Low Energy Electron Diffraction. LEED experiments were performed with a
standard three grid setup (Omicron). LEED maps are elaborated with 25 individual
patterns, acquired by scanning the electron beam (0.5 mm) at normal incidence with
respect to the (111) surface across the curved surface. Energy-dependent measurements
were carried out by placing the sample normal to the (111) direction at positions
corresponding to vicinal angles of ±12.5◦, and scanning the kinetic energy from 50
to 120 eV in steps of 2 eV.
Scanning Tunneling Microscopy.
STM measurements were carried out at room temperature using an Omicron VT-
STM microscope in the constant current mode. In order to obtain information about
the step size distribution depending on the vicinal angle, multiple measurements were
performed in areas located along the curvature of the nickel crystal. The scanning
direction was usually perpendicular to the step edges.
Angle-resolved photoemission spectroscopy. ARPES experiments were
performed using a monochromatized Helium discharge lamp (Specs VUV300 and
TMM302) at hν=40.8 eV (He II) and a SPECS Phoibos 150 electron analyzer, with
energy and angular resolution set to 200 meV and 1◦, respectively. The sample was
held at 150 K during measurements. Intensity distribution maps are composed of 40
channelplate images.
X-ray Photoemission and Absorption Spectroscopies
XPS spectra were acquired with a hemispherical SPECS Phoibos 150 electron
energy analyzer. Measurements were carried out in the normal emission geometry, with
photon energies of 270 eV and 480 eV for B 1s and N 1s core-level spectra, respectively,
in such a way similar kinetic energy ranges were explored. For energy calibration all
spectra were aligned relative to the Au 4f7/2 peak of a reference gold sample, set to
84.0 eV binding energy. NEXAFS spectra were recorded in total-electron yield mode.
The drain current from the sample was measured using a Keithley 6517 electrometer.
The angle between the sample normal and the photon beam was set to 55◦. All the
measurements were carried out at 300 K.
3. Results and Discussion
3.1. hBN monolayer growth and structure
The growth and structure of the hBN/c-Ni(111) system is analyzed by Scanning
Tunneling Microscopy (STM) and Low Energy Electron Diffraction (LEED). Both
techniques reveal the homogeneous wetting of the entire substrate by a single hBN
monolayer, which in turn induces a deep structural transformation of the curved Ni
substrate underneath. The bare c-Ni(111) surface is characterized by patterns of one-
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Figure 1. hBN monolayer on curved Ni(111). Top, Scanning Tunneling
Microscopy (STM) and, bottom, Low Energy Electron Diffraction (LEED) for a
monolayer of hBN homogeneously covering the curved Ni crystal sketched in the
center. The STM images have been taken at the positions roughly indicated over
the sample. LEED patterns correspond to the center [(111) plane)], midway (vicinal
angle α = ±7◦), and densely stepped edges (α = ±15◦) of the sample and have been
acquired using 63 eV electron impinging parallel to the [111] direction in all cases.
Insets in STM images belong to the indicated line profiles, which prove the presence
of hBN-covered microfacets.
and two-atom-high steps [63], but after hBN growth such simple step lattices transform
into hill-and-valley structures of hBN-covered (111) terraces alternated with nanofacets
oriented along other Ni crystal directions. Early studies of hBN grown on Ni(755) have
already suggested substrate faceting [25] and here we confirm that the hBN monolayer
growth leads to general faceting at all A-type and B-type vicinal planes. Fig. 1
shows characteristic STM topographies (top) and LEED patterns (bottom) acquired
at different positions on the curved sample. The sequence of STM images illustrates
the evolution of the faceted surface at the nano- and mesoscale (see more images in
the Supplementary Information file). Near the center of the sample one can observe
wide (111) terraces and random step bunching, whereas away from the center there is
a gradual reduction of the area covered by hBN/Ni(111) terraces, with a simultaneous
widening of step-bunched stripes, which become straight and well-oriented 2-10 nm wide
crystal facets. Side facets are usually wider on B steps as on A steps for the same vicinal
angle of the substrate, e.g., for |α|=10◦ on A steps 3 nm wide facets are abundant while
on B steps the average facet width is 9 nm. In general the farther from the (111)
position, the wider the tilted facet becomes, (see SI for more details). At this range, one
can readily determine the local angle of such stepped facets with respect to the (111)
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reference plane. As indicated in the line profiles, facet inclination angles are (35±3)◦ at
the A-side and (32±3)◦ at the B-side, which correspond to crystal orientations close to
the [115] and [110] directions, respectively. A detailed description of the STM analysis
is given in the supplementary information.
By means of LEED we analyze the atomic scale structure of the hBN/c-Ni(111)
interface at different sample positions. In the bottom of Fig. 1 we show the characteristic
LEED images obtained at the center, at midway and at the edge of the sample. The
electron energy Ep=63 eV has been chosen to optimize anti-phase interference conditions
at the stepped facets, namely intense and well-resolved split-spots at the edges of
the curved crystal. The beam incidence is kept perpendicular to the (111) terrace
plane during the LEED scan, such that different vicinal planes are probed by a simple
horizontal shift of the c-Ni(111) sample. In the center of the sample, the sharp hexagonal
pattern corresponds to the hBN monolayer, in registry with the Ni(111) surface plane
[40]. As we move away from the center, second order spots progressively emerge in
between the main diffracted beams and along the [112¯] direction, that is, perpendicular
to surface steps. The intensity evolution across the curved surface indicates that these
satellite spots belong to the step bunches and straight facets observed in the STM
images.
A more precise assessment of the evolution of the the hBN/c-Ni(111) system as a
function of the vicinal angle can be obtained through the α-dependent LEED intensity
plots shown in Fig. 2(a). The images are made by stacking individual intensity profiles
along the (-1,0)-(-1,1) line (marked by a solid rectangle in Fig. 1), which are extracted
from 25 LEED patterns sequentially taken across the clean (left panel) and the hBN
covered (right panel) c-Ni(111) sample. At the clean surface, and particularly in the (-
1,0) spot, we observe a smoothly increasing spot splitting away from the (111) direction
that defines two straight crossing lines. These simply reflect the linear dependence of
the step spacing expected for vicinal surfaces in a cylindrical geometry [35, 63]. In
contrast, at the hBN/c-Ni(111) interface, the satellite spots between (-1,0) and (-1,1)
diffraction rods appear as vertical streaks, with their intensity steadily increasing from
the center and toward the two edges of the sample. Since the bulk Ni crystal direction is
not modified during the LEED scan, these vertical streaks originate from hBN-covered
facets, which are tilted from the (111) direction with a characteristic angle, that is,
facets have a single crystal orientation in each side of the crystal.
To determine the atomic structure of the hBN-covered facets that develop at vicinal
planes we analyze electron-energy-dependent LEED patterns at the two edges of the
c-Ni(111) sample. The images in Fig. 2(b) are stacks of (0,-1)-(0,0)-(0,1) horizontal
line profiles (dotted-line box in Fig. 1) as a function of the electron energy, taken at
α = ±14◦. The energy dependence of individual spots defines two sets of “reflection
lines” in Fig. 2(b), one for each faceting phase. Reflection lines from the main (0,-1)
and (0,1) spots disperse towards the center of the image as the energy is increased, as
expected for normal incidence electrons diffracted out of a (1×1) hBN-covered Ni(111)
terraces. The remaining lines behave in a different way, since they disperse to one side
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Figure 2. LEED analysis of the hBN/c-Ni(111) monolayer interface. (a)
LEED intensity scan across the curved surface (vertical scale) and along the (-1,0)-(-
1,1) profile (marked in Fig. 1) for the clean (left) and hBN-covered (right) c-Ni(111)
sample (electron energy Ep=63 eV). The two straight crossing lines in the clean sample
indicate homogeneous step arrays. The vertical streaks in the hBN-covered sample
reveal the presence of facets at both A and B sides. (b) Ep-dependent LEED plots,
elaborated by stacking the Ep-dependent (0,-1)-(0,0)-(0,1) profiles (marked in Fig. 1
with a dashed rectangle), and measured at α = ±14◦ at the A (left) and B (right) edges
of the sample, respectively. Panels (c) show (0,-1)-(0,0)-(0,1) LEED profiles calculated,
within the kinematic theory, for the indicated hBN-covered Ni crystal facets. Dashed
[(111) facet] and dotted [side facets] lines are the experimental lines extracted from
panel (b), which serve to compare with theory.
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of the image at increasing energies. They belong to beams diffracted at nanofacet planes
tilted away from the (111) surface, and hence contain the atomic scale information of
the corresponding hBN/Ni interfaces, that is, the crystallographic orientation of the
substrate plane and the registry of the hBN monolayer on top. To deduce both, we
simulate the electron diffraction pattern from a two dimensional hBN lattice with
different tilting angles (facet orientations) and (n×1) substrate registry within the
kinematic approach, and compare the model with the LEED plots of Fig. 2(b). In
the kinematic theory the amplitude of scattering by a wave vector ∆~k is given by:
A
∆~k =
∑
j
fj exp(i∆~k ~Rj), (1)
where the sum is taken over all atomic sites ~Rj (in a finite model cluster), and the
atomic scattering factors fj are assumed to be equal for B and N atoms. Into a first
approach, a lattice-matched (n×1)hBN/Ni superstructure can be accounted for with a
sine-like corrugation of the BN layer with a peak-to-peak amplitude of approx. 0.8 A˚ and
period determined as ab/|a−b|, where a and b are the periods of Ni(111) and hBN in the
direction perpendicular to steps. The best agreements with the experiments of Fig. 2(b)
are displayed in Fig. 2(c). For a better comparison, the experimental reflections are also
included in Fig. 2(c) with red dashed [(111) terraces] and red dotted (tilted facets) lines.
Note that extinction of some reflections may occur at certain energies due to multiple
scattering effects, which are not accounted for in the kinematical approach. Despite
this limitation, both the number of diffraction lines and their dispersion are excellently
reproduced by the model and for the indicated tilted facet planes and reconstructions,
namely the (3×1)-hBN on a (2×1)-Ni(115) at the A side, and the (5.15×1)-Ni(110)
incommensurate superstructure at the B side. The Ni(115) and Ni(110) orientations
of the tilted facets are in well agreement with the above mentioned STM observations,
whereas other registry structures of the hBN layer are discarded (see SI for a deeper
LEED analysis of this point). The latter observation is particularly relevant in the
case of the Ni(110) facet, since a variety of hBN structures have been found in the
corresponding, infinite Ni(110) plane [57]. This suggests that registry phases could be
eliminated in the presence of steps, that is, with vicinal Ni(110) substrates.
Faceting is a two-phase segregation process that is driven by elastic free energy
minimization [20]. In the present hBN/c-Ni(111) system, the two coexisting phases are
hBN/Ni(111) terraces, on the one side, and hBN/Ni(115) or hBN/Ni(110) facets at
A- and B-type steps of the crystal on the other side, respectively. Although phase-
boundary and phase-phase interaction energies are relevant, equilibrium phases are
generally defined by the interface energy, such that facets exhibiting the lowest atomic
mismatch at the interface are, in principle, privileged. The well-matched hBN/Ni(111)
phase is naturally expected from the close proximity of surface lattice constants of
hBN (2.504 A˚) [64] and interatomic atom distance at Ni(111) (2.491 A˚) [65]. In fact,
hBN grows slightly compressed (0.5%) on Ni(111), with N atoms occupying Ni on-
top sites and B atoms sitting in hollow positions [2, 38, 39, 66, 67, 68], as depicted
in the center of Fig. 3. For surfaces vicinal to the (111) direction, we expect the
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Figure 3. Structural models of hBN on surfaces vicinal to Ni(111), in agreement with
STM and LEED results: (a) registry (3×1)-hBN on Ni(115) with double steps observed
in A-type vicinals, (b) (1×1)-hBN on Ni(111), and (c) incommensurate (5.15×1)
Ni(110) observed in B-type vicinals. In the side view, shaded atoms belong to the
next row of atoms behind.
spontaneous bunching of steps forming microfacets with optimal hBN/Ni matching.
In the Supporting Information file we evaluate the degree of hBN mismatch to all Ni
crystal planes from the (111) to the (001) and the (110) surfaces, in the A and B side
of the curved crystal, respectively. In the A side one finds good matching at 38.5◦ away
from the (111) plane, namely at the (115) direction [69]. Here the hBN/Ni(115) registry
[(3×1)-hBN on (2×1)- Ni(115)] requires 0.5% compression of the hBN lattice, similar to
that of the (111) surface. In contrast, other Ni planes in the vicinity of the (111) surface
require a large, unphysical strain of the very rigid hBN lattice, in order to achieve lattice-
matching (see tables in the SI). Notably, both (2×1) and (1×1)-Ni(115) superstructures
are equally matched (see the SI), but the latter leads to an non-rectangular LEED
pattern that is not observed. As proposed in the left side of Fig. 3, the (2×1) pattern is
likely due to terrace-width/step-height doubling within the Ni(115) facet plane, which
does not change the vicinal angle, nor the hBN lattice strain, but correctly explains the
LEED results [70]. This preference for double-steps at the Ni side of the hBN/Ni(115)
interface could be related with higher order contributions to the system free energy,
such as the step energy itself (double versus single), or the step-step elastic interaction,
which decreases as the step spacing increases [63].
On the B-side of the c-Ni(111) surface the best kinematic LEED simulation is found
for an incommensurate hBN layer covering Ni(110) facets. The solid lines in Fig. 2(c)
have been obtained assuming a (5.15×1) modulation superimposed to the hBN lattice.
As sketched in the right side of Fig. 3, the (5.15×1) Ni periodicity along the [11¯2]
direction results from the superposition of a 0.8%-stretched (4.15×1) hBN layer. In
reality, there is a close proximity with the commensurate (4×1)-hBN-on-(5×1)-Ni(110),
but a notorious difference with the (6×1) and (5×7) registry structures reported for hBN
on Ni(110) [57]. A (5×7) superstructure can be excluded because it would produce extra
spots between the line like spot structures. Based on a detailed LEED analysis, also the
proposed (6×1) periodicity is discarded in the present hBN/Ni(110) nano-sized facets
(see SI). Contrary to A-type vicinals, a reasonable hBN/Ni lattice matching cannot be
Boron nitride monolayer growth on vicinal Ni(111) substrates 10
found across the entire family of B-type crystal planes, namely from the (111) surface and
up to the (110) (see SI). However, from the point of view of the hBN elastic energy, there
is a clear advantage associated with the (5.15×1) one-dimensional incommensurability.
It is important to remind that an extra compression is still needed to keep the hBN/Ni
registry parallel to the steps (along the [11¯0] direction), such that the 0.8% stretching
along [11¯2] appears as a compensating effect. In fact, in terms of atomic density variation
∆ρ with respect to the pristine hBN monolayer, ∆ρ of the incommensurate hBN layer of
Fig. 2(c) is much smaller (∆ρ=+0.3%) compared to that of hBN/Ni(111) (∆ρ=-1.0%) or
hBN/Ni(115) (∆ρ=-1.0%) interfaces. Therefore, although hBN/Ni lattice registry along
the [11-2] direction appears to be the driving force to explain faceting in hBN/c-Ni(111)
interfaces, an excessive lattice strain (or atomic density variation beyond ∼ ±1%) may
force incommensurate structures (or moire´s). At this point a theoretical analysis is
encouraged.
On the Ni(111) surface the nitrogen atom always occupy on-top positions.
Nevertheless, there exists two possibilities for the hollow positions of the boron atom,
namely fcc or hcp sites of the Ni substrate. Theory found a preference for the fcc sites
but only with a very small energy difference of about 10 meV with respect to the hcp
ones [66, 67, 71, 72, 73]. Experiments suggested that both configurations may coexist
on the surface [74, 40] but the relative amount depends on the substrate preparation and
the quality of the molecular precursor. The coalescence of the triangular islands with
B atoms in fcc and hcp sites gives rise to defect lines, whose density can trigger some
of the properties of the film [74]. Being able of tuning the relative concentration of hcp
and fcc domains would be therefore desired in order to avoid or enhance metal growth
on defect lines [75]. The here investigated intensity profiles of the LEED spots may also
allow one to distinguish the possible existence of single hBN domains. Preferred hcp
or fcc domains can in fact explain the reversed intensity distribution of the (0,-1) and
(0,1) spots in Fig. 2(b) at A and B sides, which suggest that hcp and fcc configurations
dominate at opposite sides. Nevertheless other preparations carried out afterwards
reveal no differences in the structure of the hBN/Ni(111) interface on A and B sides. This
suggests that under certain conditions like sample history, borazine quality or details in
the preparation process, dominant domains can be achieved. Further experiments are
necessary to find the optimal conditions to achieve single domains. Additionally, LEED
I-V theory would be needed to distinguish fcc or hcp domains.
3.2. Electronic structure
Electronic states of the faceted hBN/c-Ni(111) system are investigated with Near
Edge X-ray Absorption Spectroscopy (NEXAFS), X-ray Photoemission Spectroscopy
(XPS) and Angle-Resolved Photoemission Spectroscopy (ARPES). In general, due to
the relatively large width of the facets compared to atomic dimensions, superlattice
or facet-boundary effects in the electronic structure are presumed to be very weak
[77]. Therefore, one can reasonably expect a non-coherent superposition of two
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Figure 4. Near-edge X-ray absorption (NEXAFS) and X-ray Photoelectron
Spectroscopy (XPS) of hBN/c-Ni(111): (a) XAS at the B and NK adsorption edge and
(b) XPS spectra for the B and N 1s core levels, measured at α = ±12.5◦ and 0◦ vicinal
angles on the sample sketched in Fig. 1. NEXAFS spectra have been normalized
using the σ band, and pi∗ features have been named following Ref. [76]. In XPS
spectra, each N and B 1s emission has been fitted using the same pair of Doniach
Sunjic lines at high and low binding energy. (c) Intensity of N and B 1s XPS peaks
(top, main lines, bottom, satellites) as a function of the vicinal angle. Experimental
data are indicated by markers, whereas solid lines correspond to the expected variation
assuming a satellite intensity that varies proportional to the area nominally covered
by tilted facets.
spectroscopic signals, arising from hBN-covered (111) terraces and (115)/(110) tilted
facets, respectively. This is clearly observed in Fig. 4, where we compare the boron
and nitrogen NEXAFS K adsorption edges and XPS core-level spectra taken at the
(111) center and near the densely-stepped edges of the hBN/c-Ni(111) sample. The
evolution of NEXAFS peaks from bulk to monolayer hBN on Ni(111) has already been
characterized [76]. In the bulk hBN spectrum and at the B K-edge π∗ region, a single
sharp A transition at 192 eV is observed. At the hBN/Ni(111) interface, and due to
chemical bonding with the Ni surface, the “bulk” A peak broadens and decreases and
two new peaks split off, reflecting the presence of in-gap metallic states (A’ edge) and
the increasing weight of delocalized hBN conduction band states (A” peak) [76, 78, 79].
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For hBN adsorption on the c-Ni(111) crystal in Fig. 4(a) it is observed that A’ and
A” decrease, and the main A peak increases and sharpens as we move from the center
to the edges of the c-Ni(111) surface. This effect is observed at both, the B and N
K-edge. We conclude that the overall interaction of hBN with the Ni surface reduces
as we move to the faceted regions of the sample. This could be contradictory with the
fact that, compared to the close-packed (111) terraces, (115) or (110) facets exhibit a
high number of Ni surface atoms with lower coordination (at step edges or in surface
rows, respectively), which are expected to be highly reactive. However, the presence of
an atomically rough interface may also result in a sizeable amount of N (B) atoms of
the hBN layer that do not effectively contact the Ni substrate. In fact, assuming the
planar hBN monolayer geometry suggested in the side view of Fig. 3, this is the case
of the hBN/Ni(115) interface. Here, the strong corrugation of the stepped substrate
leaves, at least, one out of three N (B) atoms far from the Ni(001) terrace. However, in
the plane-parallel (5.15×1) hBN/Ni(110) configuration assumed in Fig. 3 the Ni(110)
substrate corrugation is rather low. In this case, the presence of non-interacting N
(B) atoms could only be explained by considering local buckling, that is, a non-rigid,
atomically-rough hBN layer. This situation, though, has not been proved in the present
STM images nor in LEED, and hence requires further validation.
The XPS experiments confirm the corrugated interface scenario in both Ni(115)
and Ni(110) tilted facets, which leads to a significant decoupling of of the BN layer at
the facets from the Ni substrate. As shown in Fig. 4(b), N 1s and B 1s peaks measured
in XPS are broad due to the strong metallization of the hBN layer. At the center of the
crystal, the N 1s emission can be fitted by a single Doniach Sunjic (DS) line [80] at E-EF
= -398.63 eV. The B 1s peak at E-EF = -190.56 eV is more asymmetric, due to the
presence of high-binding energy shake-up excitations [54]. At the faceted edges, both
N 1s and B 1s exhibit a clear shift of the spectral weight to lower and higher binding
energies, respectively. We have used a second DS fitting line to quantify this effect (blue
shading) across the curved surface. The resulting satellite peaks are shifted with respect
to the main line by ∼0.4 eV in N 1s and by ∼-0.85 eV in B 1s, both, at A and B sides.
The low/high binding energy shifts in N and B 1s spectra are of the same order of
those observed in hBN/Pt(111) [44], reflecting the presence of less interacting, almost
physisorbed N atoms, and slightly more interacting B atoms, adsorbed at positions other
than hollow ones. The intensity of the satellite peak relative to the total N and B 1s
emission is plotted as a function of the vicinal angle in Fig. 4(b). The relative intensity of
the second peak increases proportional to the area of the facet. The latter is represented
as solid lines that fit the data, with a proportionality constant of 1/5. Therefore, one
out of five N atoms in both (115) and (110) facets are effectively decoupled from the Ni
surface. This is in agreement with the rigid-hBN versus corrugated-substrate description
of the hBN/Ni(115) facet of Fig. 3, while it suggests a non-planar conformation of the
hBN layer covering the Ni(110) facet.
The electronic band structure of the hBN/c-Ni(111) system is probed with ARPES
using the He II excitation line at hν=40.8 eV. Characteristic photoemission intensity
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Figure 5. Angle resolved photoemission at the hBN/c-Ni(111) interface: Angular
scans at sample (a) center, (b) A-side (α = 14◦), and (c) B-side (α = -14◦). The
bottom panels indicate the hBN symmetry directions being probed for hBN/Ni(111)
terraces [blue line in (a), green line in (b), and orange line in (c)], and hBN/Ni(115) [(b)
scan] or hBN/Ni(110) [(c) scan] tilted facets. (d) Selected electron distribution curves
from the angular scans in (a-c) (see vertical lines), at which the K¯ point is probed in
hBN/Ni(111) (blue), hBN/Ni(115) (green), and hBN/Ni(110) (orange). The photon
energy is hν = 40.8 eV (He II).
maps at the sample center and the densely stepped edges are shown in Fig. 5, together
with drawings of the hBN reciprocal space that indicate the crystal directions being
probed in each case. One observes that the photoemission signal at the double-phase,
faceted areas of the surface is composed by the incoherent superposition of bands
corresponding to hBN/Ni(111) terraces and hBN/Ni(115) (A side) or hBN/Ni(110)
(B side) facets. A direct comparison between the image taken at the hBN/Ni(111)
center in Fig. 5 (a) with those corresponding to the faceted edges in Figs. 5 (b) and (c)
allows a rapid assignment of band features to each phase. In all cases, Ni substrate d
bands extend from the Fermi edge down to E-EF ∼-2 eV, whereas bands below ∼-4 eV
originate from the hBN monolayer. The measurement geometry was chosen to reach
the K¯-point, namely the valence band maximum (VBM) of hBN, through angular scans
(azimuthal angle θ, converted into the k|| scale of Fig. 5), with the normal emission (θ=0,
tilt angle φ=0) reference fixed along the [111] direction of bulk Ni. As shown in Fig. 5
(a), in the hBN/Ni(111) center the φ=0 scan directly delivers the Γ¯K¯ dispersion. At the
sample edges, the emission from hBN covering Ni(115) and Ni(110) facets is significantly
tilted from Γ¯, although by selecting the correct φ angle in the two-dimensional detector
we can track the dispersion along M¯K¯, and hence reach the K¯ point of hBN on both
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Ni(115) [Fig. 5 (b)] and Ni(110) [Fig. 5 (c)] facets. For a better comparison of the VBM
value in each case, we overlay and compare the electron distribution curves crossing the
respective K¯ point [marked as blue, green, and orange dotted lines on (a), (b) and (c)
intensity plots] in Fig. 5 (d). The K¯ peak is found at -4.55 eV for hBN on Ni(111),
in agreement with previous ARPES experiments [9], and at -3.75 eV and -3.9 eV for
the hBN/Ni(115) and hBN/Ni(110) interfaces. The latter agrees with the VBM value
found in the hBN-covered Ni(110) crystal surface [57].
The energy of the valence band maximum in the hBN monolayer has been shown to
reflect the strength of its chemical interaction with the underlying substrate [81, 66, 82].
Compared to the VBM of hBN/Ni(111), the higher value found in hBN/Ni(115) and
hBN/Ni(110) facets indicates that, in average, the hBN-substrate interaction is lower
at the two tilted facets. A similar effect has been observed already for graphene on
faceted Ni [66, 26]. As discussed above, the presence of less-interacting hBN film to the
underlying Ni may simply be explained by the existence of an inhomogeneous hBN/Ni
contact at these two interfaces, with N and B atoms moving away from the on-top
and hollow substrate positions, respectively, as detected in the XPS spectra for both
hBN/Ni(115) and hBN/Ni(110). Note, however, that strongly corrugated hBN layers
grown in close-packed surfaces, such as the hBN nanomesh on Rh(111) [43, 82], posses
N atoms with different substrate bonding configuration, and this leads to a ∼ 1.1 eV
π band splitting. In the present case, a π band splitting is not observed, although K
point peaks in Fig. 5 (d), particularly at the hBN/Ni(110) interface, appear broad, and
hence a small splitting cannot be discarded.
4. Conclusions
hBN monolayer films can be successfully grown on a curved Ni(111) substrate, which
exhibits vicinal surfaces with close-packed steps of variable density. Homogenous hBN
coating of the entire curved surface is observed, although all its vicinal planes are
transformed into faceted structures. These are made of hBN/Ni(111) terraces that
alternate with tilted hBN/Ni(115) or hBN/Ni(110) nanostripes, respectively formed at
A- and B-type vicinal surfaces, respectively. X-ray absorption, X-ray and Angle-resolved
photoemission spectroscopy agree to reveal that the hBN interaction with the substrate
is stronger at Ni(111) planes, as compared to the (115) and (110) oriented facets. Our
results suggest the use of Ni(115) and vicinal Ni(110) surface to achieve homogenous,
monolayer thick hBN with weaker coupling with the Ni ferromagnetic substrate.
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